Introduction
============

Alcoholic liver disease (ALD) refers to the liver injury caused by excessive drinking ([@b1-etm-0-0-5925]), the early clinical symptoms mainly include alcoholic fatty liver, alcoholic hepatitis and alcoholic liver fibrosis, and it can ultimately develop into the end-stage liver disease. With the improvement of people\'s living standards and the sharp increase in alcohol consumption, its morbidity and mortality rates are increasingly higher in the world ([@b2-etm-0-0-5925]). The specific pathogenesis of ALD is more complex, and a large number of studies have shown that the oxidative stress, inflammation and lipid metabolism disorder ([@b3-etm-0-0-5925]) caused by alcohol metabolism play key roles in the occurrence and development of ALD. The relevant mechanism research has shown that alcohol metabolism can increase the synthesis of triglycerides (TG) in the body. The increased TG and the accumulation of fatty acids in hepatocytes result in the fatty degeneration of liver ([@b4-etm-0-0-5925]), and excessive fat accumulation can also improve the oxidative stress and inflammatory response, thereby aggravating ALD and leading to lipid hepatitis ([@b5-etm-0-0-5925]). Some relevant studies have also confirmed that the overexpression of very-low density lipoprotein receptor (VLDLR) in hepatocytes is an important mechanism leading to alcoholic fatty liver ([@b6-etm-0-0-5925]). In the lipid hepatitis caused by high-fat diet, the overexpression of VLDLR in hepatocytes induced by endoplasmic reticulum stress plays an important role ([@b7-etm-0-0-5925]). The expression of VLDLR is regulated by nuclear factor 2 (Nrf2), and oxidative stress can activate Nrf2. Therefore, the upregulation of Nrf2 caused by oxidative stress in ALD can positively regulate the protein expression of VLDLR ([@b6-etm-0-0-5925]).

Ethyl pyruvate (EP) has strong anti-bacterial, anti-virus, anti-inflammatory, anti-allergy and vasodilator effects ([@b8-etm-0-0-5925]). Many experimental studies have also confirmed its strong anti-oxidant and anti-apoptotic effects ([@b9-etm-0-0-5925]). Therefore, it is boldly speculated that EP can alleviate the liver damage caused by ALD. This study aimed to investigate the protective effect of EP on ALD and its possible relevant mechanism using the ALD mouse model ([@b10-etm-0-0-5925],[@b11-etm-0-0-5925]).

Materials and methods
=====================

### Animals and treatments

A total of 30 male C57/BL6 mice of clean grade aged 6--8 weeks weighing 21±2 g were randomly divided to three groups: normal control group (Control group, n=10), alcoholic liver disease group (ALD group, n=10) and ethyl pyruvate group (EP group, n=10). EP group was pretreated with gavage using EP (100 mg/kg) for 15 consecutive days. Control group and ALD group were treated with the same volume of normal saline. After the last gavage, EP and ALD group were treated with the intraperitoneal injection of 50% alcoholic solution (10 ml/kg). This study was approved by the Animal Ethics Committee of Institute of Materia Medica of Shandong Academy of Medical Sciences (Jinan, China). After that, ALD and EP group were treated with alcohol (4 g/kg·day, alcohol content of 52%); alcohol weight (g) = liquor volume (ml) × alcohol content in liquor (v/v) × alcohol density (0.8 g/ml). Mice were fed for 4 weeks and mice in Control group were treated with the gavage using the same volume of normal saline. After the gavage, blood was drawn from the retrobulbar venous plexus of mice in each experimental group. Instantly, one part of it was used to measure fasting blood glucose (FBG) and to count platelets, and for statistical analysis; another part was centrifuged for 10 min at 2,500 × g to separate the serum. Then a small piece of liver tissue was taken from the same part of the right lobe of liver in the thoracotomy. Liver homogenate (10%) was prepared using the normal saline at 4°C, and centrifuged for 10 min at 2,500 × g; and the supernatant was taken. Superoxide dismutase (SOD) and malondialdehyde (MDA) in liver tissues in each group were measured. The samples of left lobe of liver were soaked in 4% formaldehyde solution, and the remaining liver tissues were cut into small pieces and stored at −80°C for detection later.

### Serum aspartate aminotransferase (AST), Alanine aminotransferase (ALT), triglyceride (TG), free fatty acid (FFA) assays

Liver enzyme and blood lipid in the serum samples collected above were detected, including ALT, AST, TG and FFA. Experimental animals (Keygen, Nanjing, China) were used in the detection using the fully automatic biochemical analyzer.

### Detection of morphological changes in liver tissues and apoptosis

After fixation using 4% formaldehyde solution, the liver tissues collected from each experimental group were prepared into paraffin sections according to the typical method ([@b12-etm-0-0-5925]). The pathological changes in liver tissues were observed under an optical microscope (×400).

### RNA isolation and real-time PCR

Total RNA was isolated from frozen liver tissues and serum and real-time reverse transcription-polymerase chain reaction (RT-PCR) was performed as previously described ([@b13-etm-0-0-5925]). The primers used in the present study ([Table I](#tI-etm-0-0-5925){ref-type="table"}) were selected from the PubMed database. The real-time PCR data were analyzed using the relative gene expression (i.e., ^∆∆^Cq) method (University of Leicester, London, UK).

### SOD and MDA concentration assays

The oxidative stress indexes of the serum samples and liver tissue homogenate collected above were detected, including MDA and SOD. MDA content was detected using the thiobarbituric acid (TBA) method; and SOD activity was determined using the nitrite method ([@b14-etm-0-0-5925]).

### Western blot analysis

Liver tissues were homogenized and proteins were detected by western blot using specific antibodies as previously described ([@b13-etm-0-0-5925]). Anti-CYP2E1 anti-PPAR-α, anti-Nrf2, anti-VLDLR and anti-GAPDH were obtained from Abcam (Cambridge, UK).

### Statistical analysis

SPSS 18.0 (version X; IBM, Armonk, NY, USA) software was used for the statistical analysis of relevant experimental data in this study. All data are presented as mean ± standard deviation. The differences between the two groups were compared using t-test. P\<0.05 suggested that the difference was statistically significant.

Results
=======

### EP reduces ALT/AST levels and liver morphological changes caused by ALD, inhibites TG deposition and reduces FFA level

As shown in [Fig. 1](#f1-etm-0-0-5925){ref-type="fig"}, both the significantly increased ALT/AST ([Fig. 1A](#f1-etm-0-0-5925){ref-type="fig"}) levels and heavier fatty changes ([Fig. 1E](#f1-etm-0-0-5925){ref-type="fig"}) in ALD group compared with those in Control group, proved that intraperitoneal injection of alcohol can cause acute alcoholic liver injury. The significant increases in TG/FFA ([Fig. 1B](#f1-etm-0-0-5925){ref-type="fig"}) and FBG ([Fig. 1C](#f1-etm-0-0-5925){ref-type="fig"}) confirmed that acute alcoholic liver injury can lead to ALD; compared to the ALD group, the significantly decrease of ALT/AST, TG/FFA, FBG in EP group coupled with the significant increase of platelet in EP ([Fig. 1D](#f1-etm-0-0-5925){ref-type="fig"}), proved that EP can alleviate liver injury caused by alcohol and prevent ALD.

### EP decreases the expression levels of pro-inflammatory factors and increased the expression levels of anti-inflammatory factors in ALD

As shown in [Fig. 2](#f2-etm-0-0-5925){ref-type="fig"}, the mRNA expression levels of anti-inflammatory factors \[transforming growth factor-β (TGF-β)/interleukin-10 (IL-10)\] in liver tissues and serum in EP group were significantly increased compared with those in ALD group, and the differences were statistically significant. The mRNA expression levels of pro-inflammatory factors (IL-6/TNF-α) in EP group were significantly decreased compared with those in ALD group, and the differences were statistically significant (P\<0.05), proving that EP can alleviate the damage caused by ALD through increasing the expression levels of anti-inflammatory factors and decreasing the expression levels of pro-inflammatory factors.

### EP increased the mRNA expression level of PPAR-α and decreased the mRNA expression levels of CYP2E1, Nrf2 and VLDLR

As shown in [Fig. 3](#f3-etm-0-0-5925){ref-type="fig"}, the mRNA expression levels of CYP2E1, Nrf2 and VLDLR in ALD group were significantly increased compared with those in EP group, and the differences were statistically significant (P\<0.05). However, the mRNA expression level of PPAR-α in ALD group was significantly decreased compared with that in EP group, and the difference was statistically significant (P\<0.05), indicating that EP can inhibit the expression levels of CYP2E1, Nrf2 and VLDLR and increase the expression of PPAR-α in ALD.

### EP negatively regulated PPAR-α-CYP2E1 signaling pathway and ROS-Nrf2 signaling pathway to reduce the VLDLR protein expression level

As shown in [Fig. 4](#f4-etm-0-0-5925){ref-type="fig"}, the protein expression levels of CYP2E1, Nrf2 and VLDLR in ALD group were significantly increased compared with those in EP group, but the protein expression level of PPAR-α in ALD group was significantly decreased compared with that in EP group and the difference was statistically significant (P\<0.05), indicating that EP can inhibit the protein expression levels of CYP2E1, Nrf2 and VLDLR and increase the protein expression of PPAR-α in ALD. As shown in [Fig. 5](#f5-etm-0-0-5925){ref-type="fig"}, the SOD content in plasma and liver tissues in EP group was significantly increased compared with that in ALD group, and the difference was statistically significant (P\<0.05); but the MDA content in EP group was significantly decreased compared with that in ALD group (P\<0.05), indicating that EP can alleviate the oxidative stress injury caused by ALD.

As shown in [Figs. 3](#f3-etm-0-0-5925){ref-type="fig"}--[5](#f5-etm-0-0-5925){ref-type="fig"}, in EP group, CYP2E1 expression and MDA content were decreased, while PPAR-α expression and SOD content were increased, indicating that EP can negatively regulate the CYP2E1-PPAR-α-ROS signaling pathway to alleviate the oxidative stress injury. However, in EP group, the expression levels of Nrf2 and VLDLR were decreased, indicating that EP can negatively regulate the Nrf2-VLDLR signaling pathway and reduce the VLDLR expression to alleviate the alcoholic fatty liver.

Discussion
==========

The results of this study confirmed that EP can reduce the serum ALT/AST levels, TG and FFA concentrations and VLDLR protein expression in ALD mice, and alleviate the degeneration degree of alcoholic fatty liver, which has a good preventive and protective effect on ALD. Studies have confirmed that the oxidative stress, inflammation and lipid metabolism disorder caused by alcohol metabolism are important causes of ALD ([@b1-etm-0-0-5925]), so we investigated the preventive and protective effect of EP on ALD from the inflammation, oxidative stress and lipid metabolism.

Studies have confirmed that TNF-α can stimulate the decomposition of adipose tissues and increase the FFA content in the body ([@b15-etm-0-0-5925]), but the excessive FFA will be transported to the liver and accumulated in hepatocytes ([@b16-etm-0-0-5925]), eventually leading to the fatty degeneration or even necrosis of hepatocytes ([@b17-etm-0-0-5925]). Studies have also shown that the action of excessive FFA on hepatocytes can increase the oxygen consumption of liver tissues and aggravate the lipid peroxidation, further aggravating the liver injury ([@b18-etm-0-0-5925]). Therefore, it is speculated that EP can alleviate the alcoholic liver injury due to its strong anti-inflammatory effect, which can inhibit the expression levels of pro-inflammatory factors and increase the expressions of anti-inflammatory factors. In this experiment, compared with those in ALD group ([Fig. 2](#f2-etm-0-0-5925){ref-type="fig"}), the mRNA expression levels of pro-inflammatory factors (IL-6/TNF-α) in liver tissues and plasma in EP group were significantly decreased, while the mRNA expression levels of anti-inflammatory factors (TGF-β/IL-10) were significantly increased, which were consistent with our speculation.

In addition, it is reported in the literature ([@b19-etm-0-0-5925]) that SOD is one of the important antioxidant enzymes for the body to scavenge free radicals, and the intake of alcohol can inhibit its activity and accelerate liver injury ([@b20-etm-0-0-5925]). It is also reported in the literature that oxidative stress can induce the hepatocyte mitochondrial dysfunction, leading to hepatocyte degeneration or even necrosis ([@b21-etm-0-0-5925]). Therefore, it is speculated that the strong antioxidant effect of EP is one of the reasons to alleviate alcoholic liver injury, which is manifested in that it can increase the SOD activity and decrease the MDA production. In this study, the SOD activities in serum and liver tissues in EP group ([Fig. 5](#f5-etm-0-0-5925){ref-type="fig"}) were significantly increased compared with those in ALD group, but the MDA content was decreased, and the study proved that MDA is one of the important products of oxidative stress ([@b22-etm-0-0-5925]). The results of this experiment are also consistent with our speculation.

A further study ([@b23-etm-0-0-5925]) indicated that EP regulation of inflammation and oxidative stress is closely related to PPAR-α. Studies ([@b24-etm-0-0-5925]) have confirmed that the phosphorylated protein PPAR-α can enhance the body\'s sensitivity to insulin, inhibit the production of inflammatory factors and inflammation and inhibit the oxidative stress response; and its decreased expression can aggravate the inflammation and oxidative stress injury ([@b25-etm-0-0-5925]). It has been reported in literature ([@b26-etm-0-0-5925]) that CYP2E1 can inhibit the expression of PPAR-α. Therefore, it is speculated that EP can negatively regulate the CYP2E1-PPAR-α signaling pathway, thereby alleviating the oxidative stress and inflammatory injury. According to the experimental results ([Figs. 3](#f3-etm-0-0-5925){ref-type="fig"} and [4](#f4-etm-0-0-5925){ref-type="fig"}), the mRNA transcriptional level and protein expression level of CYP2E1 in EP group were significantly decreased compared with those in ALD group, but the mRNA transcriptional level and protein expression level of PPAR-α were significantly increased, which are consistent with our speculation.

It has been reported that oxidative stress can activate Nrf2, and the activation of Nrf2 can induce the VLDLR overexpression in hepatocytes, leading to alcoholic liver injury ([@b6-etm-0-0-5925]). Nrf2 gene silencing can inhibit the upregulation of VLDLR in hepatocytes caused by oxidative stress ([@b27-etm-0-0-5925]). Therefore, it is speculated that one of the mechanisms by which EP protects ALD is that EP can negatively regulate the Nrf2-VLDLR signaling pathway. The experimental results ([Figs. 3](#f3-etm-0-0-5925){ref-type="fig"} and [4](#f4-etm-0-0-5925){ref-type="fig"}) showed that EP could downregulate the mRNA and protein expression levels of Nrf2 and VLDLR in EP group, which is consistent with our speculation. In conclusion, we consider that the mechanism by which EP alleviates ALD involves its anti-inflammatory and anti-oxidative effects; EP can negatively regulate the CYP2E1-PPAR-α signaling pathway to inhibit the oxidative stress response, thus negatively regulating the Nrf2-VLDLR signaling pathway to alleviate the severity of ALD.

In conclusion, the experimental results showed that EP can increase the levels of anti-inflammatory factors and decrease the levels of pro-inflammatory factors, enhance the SOD activity and decrease the FFA and TG contents through anti-inflammatory and anti-oxidative effects; moreover, it can upregulate the PPAR-α expression by negative regulation of CYP2E1-PPAR-α signaling pathway and downregulate the Nrf2 expression by negative regulation of Nrf2-VLDLR signaling pathway, thus alleviating ALD. This may be the new mechanism of the many plant ingredients alleviating ALD, which needs further experimental study. This finding, with important clinical significance, provides a new direction for the treatment and prevention of ALD.
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###### 

Primer sequences.

  Gene     Sequence
  -------- ---------------------------------
  IL-6     F: 5′-CCCTGCGTTTCTCTGCAAAC-3′
           R: 3′-TTTCAGGGTGGAAGGCAGAC-5′
  TNF-α    F: 5′-CATCCGTTCTCTACCCAGCC-3′
           R: 3′-AATTCTGAGCCCGGAGTTGG-5′
  IL-10    F: 5′-CCTCTGGATACAGCTGCGAC-3′
           R: 3′-GTAGATGCCGGGTGGTTCAA-5′
  TGF-β1   F: 5′-AGGGCTACCATGCCAACTTC-3′
           R: 3′-CCACGTAGTAGACGATGGGC-5′
  PPAR-α   F: 5′-GGGTACCACTACGGAGTTCACG-3′
           R: 5′-CAGACAGGCACTTGTGAAAACG-3′
  CYP2E1   F: 5′-CTTGCTTGTCTGGATCGCCA-3′
           R: 5′-GGGGCAGGTTCCAACTTCTA-3′
  Nrf2     F: 5′-GGGTACCACTACGTTCACAG-3′
           R: 5′-CAGACAGGCACTTGTGACG-3′
  VLDLR    F: 5′-CTCTTGTCTGGATCAAGCCA-3′
           R: 5′-GGCAGGTTCCAACAATTCTA-3′

F, forward; R, reverse.
